ABSTRACT
ization/pyrophosphorolysis of RNA, whereas the Gre proteins merely enhance this intrinsic property.
The hydrolytic transcript cleavage reaction was first observed in ternary elongating complexes of Escherichia coli RNA polymerase (RNAP) (1). The cleavage is followed by the dissociation of the 3' proximal fragment of the transcript and resumption of elongation from the newly generated 3' terminus. Two E. coli transcription factors, GreA and GreB, facilitate transcript cleavage (2, 3) . The GreA-induced cleavage removes di-and trinucleotides from the 3' terminus. In most cases, GreB induces cleavage at the same sites as GreA; however, some ("strained") elongation complexes are directed by GreB to cleave in a longer "register", removing a 3'-terminal RNA fragment that is up to 9 nt in length (3, 4) . The eukaryotic elongation factor SII functionally resembles GreB, although it has no apparent sequence homology with prokaryotic Gre proteins. Elongation factor SII cleaves RNA in both the long and the short registers, depending on the type of ternary complex (5) (6) (7) . Similar transcript cleavage reactions have also been observed in ternary elongation complexes of vaccinia virus RNA polymerase (8) and eukaryotic RNAP III (9) . The transcript cleavage factors are presumed to have two biologically important and evolutionarily conserved functions: the relief of elongation arrest, the condition of ternary complexes that can neither advance nor dissociate (3) (4) (5) (6) (7) , and the enhancement of transcription fidelity (10, 11) .
Purified GreA and GreB do not cleave free RNA, whereas even the purest preparations of recombinant, reconstituted RNAP display some residual transcript cleavage (2) . We (17) , with final purification of the RNAP holoenzyme by size exclusion and anion-exchange fast protein liquid chromatography using Superose 6 HR and Mono Q HR columns, as described for the preparation of the "recombinant" enzyme (16 (10 aM) was added, and the incubation was continued for an additional 3 min. This led to the "enrichment" of the final preparation with the 6-meric complex at the cost of "dilution" of specific radioactivity in the 3'-terminal pC. The corresponding unlabeled 6-meric complex was synthesized in one step by using 6 AtM CTP throughout the reaction. The complexes were purified by gel filtration on Quick-Spin G-50 columns in 10 mM Tris-HCl buffer, pH 8.0/1 mM EDTA. The 7-meric ternary complex (CpApCpCpApCpU) was obtained by chain extension of 50 fmol of radiolabeled 6-meric complex (CpApCpCpApC) with 10 ,tM UTP for 5 min at 37°C in 20 tl1 of standard transcription buffer. The 9-meric complex radiolabeled in the eighth position (CpApCpCpApCpUpGpA) was obtained by chain extension of 50 fmol of "cold" 6-meric complex with 10 ,tM UTP, 10 Natural RNAP was purified from the double-mutant strain to apparent homogeneity (Coomassie blue staining of 4-20% gradient SDS slab gels revealed no contaminating bands) and was used to form the ternary complex carrying the 9-meric transcript CpApCpCpApCpUpGpA. Fig. 2 (lanes 1-4) shows that a significant level of transcript cleavage, in both GreA and GreB modes (removing the dimer and tetramer, respectively), could be observed after prolonged incubation. The addition of 10-, 100-, and 1000-fold molar excess of RNAP into the reaction mixture did not enhance cleavage (lanes 5 (lanes 1-4) or in the presence of GreA/GreB-free RNAP added at the indicated molar ratios to the ternary complex (lanes 5-13).
autoradiogram ( Fig. 2) and quantitation of the band radioactivity with a PhosphorImager (data not shown). Thus, the preparation of RNAP did not contain trans-acting cleavage factors. Moreover, this reaction was not affected by the incubation of the radiolabeled 9-meric ternary complex with 100-fold molar excess of the unlabeled ternary complex (data not shown), eliminating the possibility that the cleavage reaction was induced by trace amounts of Gre-like trans-acting factors present in RNAP preparation in a latent form that could be activated only in ternary complex. From these results we conclude that the residual cleavage activity appears to be the result of an endogenous RNAP-associated activity that is distinct from the two Gre proteins. A This conclusion was strongly supported by the serendipitous discovery that cleavage in the absence of factors can be dramatically stimulated by alkaline pH (Fig. 3) . The normal enzymatic activity of RNAP varies from 100% to 13% in the pH range from 6.0 to 10.0, with an optimum at pH 7.8-8.2 (19) . We found that at pH > 8.0, the nascent RNA in the 7-meric (Fig. 3A, lanes 6-10) and 9-meric (Fig. 3B, lanes 5-9) ternary complexes is cleaved at a high rate. The GreA-type cleavage is prevalent between pH 8.0 and 9.5 (Fig. 3B, lanes 5-8) . The GreB-type of cleavage becomes prominent at pH 10.0 (Fig. 3B,  lane 9) . At the optimal conditions for polymerization (pH 7.5) and pyrophosphorolysis (pH 6.5), the endogenous transcript cleavage is negligible (Fig. 3A, lanes 2-5 and Fig. 3B, lanes  2-4) . It should be noted that the apparent nonquantitative recovery of the pCpU band in Fig. 3A reflects lower specific radioactivity of 32p at the sixth position of the CpApCpCpApC substrate as compared to the third and fourth positions (see Materials and Methods).
The effect of alkaline pH on ternary transcription complexes was then studied with regard to elongation arrest at transcript positions + 12, + 13. Previously GreB has been shown to lift the arrest when added to the preformed arrested complexes (3). GreA did not have this effect but prevented the arrest when it was added before RNAP reached the arresting sites (3) . In the experiment of Fig. 4A we studied elongation through the arresting sites at different pH ranging from 6.0 to 10.0. In each reaction, the starting ternary complex carrying 7-meric transcript CpApCpCpApCpU (lane 2) was exposed to a particular pH alone (odd-numbered lanes) or in the presence of the four NTPs (even-numbered lanes). The accumulation of the pentamer CpApCpCpA in the odd-numbered lanes and its quantitative disappearance in response to NTPs are the indication of a cleavage-and-restart reaction that progressively occurs at pH >8.0 (lanes 7-12). The restarting material is partially chased into the runoff transcript and the arrested complexes. Due to nonspecific inhibition of. elongation by alkali, the overall yield of the distinct chase products declines as the pH rises, so that at pH 10 about half of the chased material appears as a smear that can be seen at prolonged exposure of autoradiogram (data not shown). Yet, the declining ratio of the arrested complexes to the runoff transcript in the chase reactions clearly testifies to the antiarrest effect of elevated pH.
In Fig. 4B the effect of pH on the preformed arrested complexes was tested. It can be seen that at pH 9 (lanes 2-12). (B) The starting gel filtration-purified ternary complex carrying radiolabeled 9-meric transcript CpApCpCpApCpUpGpA (lane 1) was incubated at 37°C for 15 min in the presence of GreA (lane 10) and GreB (lane 11) at pH 7.5 or in transcription buffers at the indicated pHs (lanes 2-11) . (lanes 9-12) . The chased radioactive material partially reappears as a highmolecular-weight smear, but no arrested complexes are formed in agreement with the result of Fig. 4A . Thus, the preformed arrested complexes undergo a spontaneous cleavage-andrestart reaction at elevated pH. From these results we conclude that alkaline conditions can mimic the antiarrest effect of both GreA and GreB.
The pH-dependent cleavage of RNA in the ternary complex can occur by two possible mechanisms. As was originally suggested (1), the trajectory of the transcript in the complex may involve a bend associated with the straining of the RNA chain. The strained phosphodiester bond may be particularly susceptible to alkaline hydrolysis. In such a "passive" mechanism of cleavage, the reaction rate will progressively increase with pH. The alternative "base catalysis" mechanism of cleavage envisages a specific active center performing the cut in the RNA molecule in the classic enzymological sense. The latter mechanism is consistent with the hypothesis that cleavage is performed by the active site of RNA polymerization that has disengaged from the 3' terminus and snapped back to an internal position within the transcript molecule (20) .
To address this question, we analyzed the pH dependence of the transcript cleavage reaction for the 7-meric ternary complex (Fig. 5) 
